Traveling-wave ion mobility (TWIM) coupled to mass spectrometry (MS) has emerged as a powerful tool for structural and conformational analysis of proteins and peptides, allowing the analysis of isomeric peptides (or proteins) with the same sequence but modified at different residues. This work demonstrates the use of the novel TWIM-MS technique to separate isomeric peptide ions derived from chemical cross-linking experiments, which enables the acquisition of distinct product ion spectra for each isomer, clearly indicating modification on different sites. Experiments were performed with four synthetic peptides, for which variable degrees of mobility separation were achieved. In cases of partially overlapping mobility arrival time distributions (ATDs), extracting the ATDs of fragment ions belonging to each individual isomer allowed their separation into two distinct ATDs. Accumulation over regions from the specific ATDs generates the product ion spectrum of each isomer, or a spectrum highly enriched in their fragments. The population of both modified peptide isomers was correlated with the intrinsic reactivities of different Lys residues from reactions conducted at different pH
Traveling-wave ion mobility (TWIM) coupled to mass spectrometry (MS) has emerged as a powerful tool for structural and conformational analysis of proteins and peptides, allowing the analysis of isomeric peptides (or proteins) with the same sequence but modified at different residues. This work demonstrates the use of the novel TWIM-MS technique to separate isomeric peptide ions derived from chemical cross-linking experiments, which enables the acquisition of distinct product ion spectra for each isomer, clearly indicating modification on different sites. Experiments were performed with four synthetic peptides, for which variable degrees of mobility separation were achieved. In cases of partially overlapping mobility arrival time distributions (ATDs), extracting the ATDs of fragment ions belonging to each individual isomer allowed their separation into two distinct ATDs. Accumulation over regions from the specific ATDs generates the product ion spectrum of each isomer, or a spectrum highly enriched in their fragments. The population of both modified peptide isomers was correlated with the intrinsic reactivities of different Lys residues from reactions conducted at different pH conditions. (J Am Soc Mass Spectrom 2010, 21, 2062-2069) © 2010 Published by Elsevier Inc. on behalf of American Society for Mass Spectrometry C hemical modification of proteins by Nhydroxysuccinimide (NHS) esters is widely used in a series of experiments such as protein purification with biotin-avidin system [1, 2] , fluorescence labeling [3] [4] [5] , determination of amino acid sidechain solvent accessibility [6 -8] , and cross-linking [9, 10] . The use of NHS esters for cross-linking strategies has been applied for more than 30 y to identify binding partners, [11] and a more recent approach relies on protein cross-linking coupled to mass spectrometry (MS) experiments to map three-dimensional structures of proteins (MS3D) [12, 13] . Instruction manuals from commercial NHS-ester cross-linkers and most application literature state that NHS esters react exclusively with primary amines (N-terminus and -amino group of Lys side chains), and that when reacted with sulfhydryl or hydroxyl groups, do not yield stable products [14, 15] . However, recent studies showed that the side chains of other residues (such as Tyr and Ser) can also sometimes yield stable cross-link species when reacted with NHS esters [16 -18] . Homobifunctional NHS esters are the most widely applied cross-linkers in MS3D experiments. Briefly, in the general workflow present in most MS3D analyses, proteins are subjected to crosslinking with one of the many reagents available followed by enzymatic digestion and MS analysis [9, 10] . After digestion, there are four types of products found in MS3D: unmodified peptides; intramolecular crosslinked peptides (Type 1), where the chemical reagent used links two residues in the same peptide; intermolecular cross-linked peptides (Type 2), where two peptides are connected by the cross-linker; and dead-end (Type 0), where one side of the cross-linker is linked to a peptide chain and the other side suffered hydrolysis [19] . As each one of these species gathers different structural features regarding protein structure [19] , the correct detection and annotation of which residue is linked to the cross-linker is essential to obtain reliable data for protein structure elucidation [20 -24] . Dead-end species can be used as structural probes as they may yield information about residue exposure or solvent accessibility [6, 7, 25, 26] .
Ion mobility spectrometry (IMS), originally known as plasma chromatography, was introduced in the 1960s and consists of a gas-phase ion separation technique [27] . Species are separated based on their charge states and sizes/shapes, the latter being more rigorously described as their collision cross sections (CCS). Smaller ions collide less frequently with the buffer gas compared with larger ions, thus crossing the mobility cell faster. Traditionally, ions are injected into a drift cell (DC) filled with an inert gas (typically helium), in the presence of a weak electric field applied at the end of the cell, and are detected separately with respect to the time they take to traverse the cell. The first coupling of ion mobility to MS is credited to E. W. McDaniel who, between the 1950s and 1960s, developed drift cells coupled to a magnetic sector mass analyzer, with the objective of studying ion mobilities and ion-molecule reactions [28] . Instruments with quadrupole [29, 30] and time-of-flight [31] [32] [33] mass analyzers soon replaced those with magnetic sectors in such a way that, in the 1970s and 1980s, MS became the main technique for detection of mobility-separated ions, with the first commercial IMS-MS spectrometer being made available in 1971 [34] . Subsequent works by Jarrold et al. [35] , Kemper and Bowers [36] yielded significant improvements for IMS-MS instruments, and thus the technique was applied for the analysis of carbon clusters [37, 38] , amino acids [39] , peptides and proteins [40, 41] , nucleotides [42] , and synthetic polymers [43] . Other types of ion mobility devices are the aspiration and differential types, for which instrumental details and applications have been described [44 -49] . As an example of the technique's capability for isomer separation, Hill Jr. et al. [50] used nitrogen doped with 10% (S)-(ϩ)-butanol as a buffer gas in a DC instrument to resolve atenolol enantiomers by ion mobility.
Recently, traveling-wave ion mobility coupled to mass spectrometry (TWIM-MS) was introduced in commercial instruments. In this approach, ions are injected in a stacked-ring ion guide (SRIG) filled with a buffer gas [51] , and are separated by a traveling voltage wave incorporated to the guide, in a process that has been previously detailed [51, 52] . The range of application of the TWIM-MS technique has seen recent increase, as shown by studies of transition-metal complexes [53] , proteins [54 -56] , and protein complexes [57] [58] [59] [60] .
In terms of gas-phase separation of isomeric ions by TWIM-MS, a study by Giles et al. [52] demonstrated the separation of isomeric peptides SDGRG and GRGDS, which present a CCS difference of only 5%. Other TWIM separation studies were done with isomeric peptides containing the same number and type of amino acid residues but differing in sequence [61] , phosphorylated peptides [62, 63] , carbohydrates [64] , isomeric alkyl anilines [65] , flavonoids [66] , and amino acids [67] . Thus, the TWIM-MS technique provides a facile method for analyzing modified peptides (or proteins) with same sequences but modifications at different residues, with the attraction of being available in commercial instruments.
The aim of this work was to employ the TWIM-MS technique, recently available in commercial instruments, to assist data analysis obtained in protein crosslinking experiments. More specifically, isomeric deadend species formed from peptides containing two possible cross-linker reactive sites were submitted to ion mobility separation. Reactions between peptides and the cross-linker were performed at three different pH conditions and the gas-phase behavior of the possible dead-end products for each peptide was investigated.
Experimental
Materials N-terminal acetylated peptides Ac-ARAKGAEFAVKAGVR (P1), Ac-RKRVWSEKGNMAR (P2), Ac-ARYTKDLSQR-AFKGMR (P3), and free N-terminus peptide AGAK-GAERLVKAGVR (P4) were obtained from Proteimax (Sao Paulo, SP, Brazil). Methanol (HPLC grade) was obtained from Tedia Chemicals (Cincinnati, OH, USA). Disuccinimidyl suberate (DSS) and all other reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA) and used without further purification.
Cross-Linking Reaction: Dead-End Species Formation
Each peptide was solubilized in 50 mM sodium phosphate buffer at three different pH conditions: 6.0, 7.0, and 8.0, to a final concentration of 40 M. DSS was dissolved in dry N,N-dimethylformamide (DMF) (10 mg mL
Ϫ1
) and added in 50:1 molar excess to each buffered peptide solution. Reactions were allowed to stand at room temperature for 45 min, after which Tris.HCl buffer (1 M, pH 7.6) was added to a final concentration of 50 mM to quench the cross-linking reaction.
Mass Spectrometry and TWIM-MS Analysis
Before analysis, all reaction products were desalted using Oasis HLB cartridges (Waters, Milford, MA, USA). The desalting procedure consisted of sample loading, followed by desalting with 1 mL of H 2 O/0.1% formic acid and peptide elution with 1 mL of MeOH/ 0.1% formic acid. Peptide samples were then diluted 1:1 with H 2 O/0.1% formic acid and submitted to mass spectrometric analysis. All TWIM-MS measurements were carried out on a Waters Synapt HDMS (Waters Co., Manchester, UK) instrument, by direct infusion of samples at a 6 L min Ϫ1 flow rate into the ESI source of the instrument, with capillary and cone voltages fixed at 3.0 kV and 40 V, respectively. A detailed description of the Synapt HDMS has been given elsewhere [52] ; briefly, the instrument has a quadrupole/ion mobility/ orthogonal acceleration time-of-flight (Oa-TOF) geometry. The ion mobility stage contains three stacked-ring ion guides (SRIG), namely Trap, IMS, and Transfer. Ions transmitted through the quadrupole are accumulated at the Trap cell, periodically injected at the IMS cell and mobility separated, after which they are transferred to the Oa-TOF analyzer by the Transfer cell while maintaining mobility separation. TWIM-MS spectra are acquired by synchronizing the release of ions to the IMS cell with acquisition start at the Oa-TOF. Fragmentation can be performed in either the Trap or Transfer cells, allowing for a series of different experiments.
Ions corresponding to the ϩ3 charge state from each modified peptide were chosen for TWIM-MS/MS experiments. Such precursor ions were selected at the resolving quadrupole, separated by TWIM, fragmented at the Transfer cell, and analyzed at the Oa-TOF. The Trap collision energy was fixed at 6 eV, while Transfer collision energy and ion mobility conditions such as gas pressure, wave height, and velocity were individually adjusted for each of the modified peptides and are described below. Argon was used as collision gas on the Trap and Transfer cells, while nitrogen (N 2 ) was used as IMS cell gas. All product ion spectra were processed using the deconvolution algorithm MaxEnt 3 (Waters Co.). The instrument was externally calibrated using phosphoric acid oligomers with m/z ranging from 100 to 2000.
Results and Discussion

TWIM Separation of Isomeric Dead-End Modified Peptides Formed at pH 7.0
Peptides Ac-ARAKGAEFAVKAGVR (P1), Ac-RKRV-WSEKGNMAR (P2), Ac-ARYTKDLSQRAFKGMR (P3), and AGAKGAERLVKAGVR (P4) were used for the study. All peptides possess random sequences of 13 to 16 residues, two of which are necessarily Lys. All except for P4 are acetylated at the N-terminus. The general experimental setup employed here for the analysis of isomeric dead-end species by TWIM-MS was similar to that used by Riba-Garcia et al. [68] . Reaction products containing a mixture of two or more dead-end species were directly infused in the instrument and the resolving quadrupole was set to select ions corresponding to triply charged states of those species, which were seen as either a single broad peak or two unresolved broad peaks in the arrival time distribution (ATD) display. Ion mobility conditions such as wave height, wave velocity, and IMS cell gas pressure were individually adjusted to optimize separation of isomers. The collision energy in the Transfer cell was then gradually increased until satisfactory precursor ion fragmentation was observed, and spectra were manually acquired at optimal collision energies. This experimental setup allows isobaric precursor ions to be partially separated in the IMS cell, while fragmentation at the Transfer cell maintains fragments time-aligned with their previously separated precursor ions.
To distinguish between different isomers, after acquisition with fragmentation in the Transfer cell, a product ion spectrum of the isomer mixture was obtained by combining over the full ATD. Then, individual ATDs were extracted from y n /y n ϩ156 Da pairs of fragment ions of this spectrum, each belonging to one of the isomeric species, thus generating distinct extracted ATDs for each isomer. Sections from leading edge of the first ATD and the trailing edge of the second ATD were then accumulated separately. Using this approach, one can choose to accumulate ATD sections that show no or minimum overlap between the two individual ATDs, thus resulting in a pure or highly enriched product ion spectrum from each isomeric peptide. This approach was applied to peptides P1 to P4 using the optimized ion mobility conditions shown in Table 1 . As the individual ATDs have different apexes and shapes, the extracted region for each isomer was optimized for each peptide to accumulate the maximum area of one ATD while excluding or minimizing the overlap with the other ATD. Therefore, extraction regions may present different widths for each isomer.
To evaluate ATD profiles and product ion spectra obtained, an initial comparison was made for reactions performed with all four peptides at pH 7.0. The respective ATD obtained for P1 is displayed in Figure 1a . The observed distribution consists of two broad, unresolved peaks clearly showing the presence of at least two isomers of dead-end modified peptides. Regions 1 and 2 were accumulated separately, and corresponding product ion spectra are also displayed in Figure 1 .
By extracting ATDs from y 5 of m/z 530.3 and y 5 * of m/z 684.4, the existence of two dead-end isomers becomes clear (Figure 1b) . The observed y-ion series from the product ion spectrum of the ATD Region 1 for P1 (Figure 1c ) is consistent with a dead-end modification on the second Lys residue (unmodified y 4 and modified y 5 *, y 6 *, y 7 *, and y 8 * ions). Conversely, the ATD Region 2 product ion spectrum (Figure 1d ) displays unmodified y 4 , y 5 , y 6 , y 7 , and y 8 ions, demonstrating the presence of the dead-end modification on the first Lys residue. No unmodified y 5 , y 6 , y 7 , or y 8 ions were observed in the spectrum of ATD Region 1 (Figure 1c ), neither were modified y 5 *, y 6 *, y 7 *, y 8 * ions in the spectrum of ATD Region 2 (Figure 1d ), indicating no contamination of the spectrum of one isomer with fragment ions of the other and vice versa. The ion containing the dead-end modification on the second Lys residue is more compact than the one modified on the first Lys residue, thus having a greater mobility and shorter drift time.
For P2 (Figure 2 ), the full ATD (Figure 2a) shows a single broad peak, with no apparent indication of two or more isomeric species. Extraction of ATDs from the modified y 6 * ion of m/z 832.4 and unmodified y 6 ion of m/z 676.3 yields individual ATDs with more overlap than observed for P1 (Figure 2b ). Combining over ATD Regions 1 and 2 separately results in different spectra, compatible with two isomeric structures containing the dead-end modification on different Lys residues, which may be present but are not as separated as observed for P1. For P2, the ATD Region 1 product ion spectrum (Figure 2c ) displays unmodified y 5 and modified y 6 *, y 7 *, and y 8 *, whereas the ATD Region 2 product ion spectrum (Figure 2d ) displays unmodified y 5 , y 6 , y 7 , and y 8 ions. As no complete mobility separation was achieved for P2, one extracted product ion spectrum contains minor, low intensity fragment ions from the other isomer and vice versa, but these fragments have intensities below 10%. This shows that Regions 1 and 2 ( Figure 2b ) correspond to the highly enriched product ion spectra of dead-end modifications on the second and first Lys residues, respectively (Figure 2c and d) .
The same behavior of P2 is observed for P3 (data not shown), for which there are unmodified y 3 and modified y 4 *, y 5 *, and y 6 * in ATD Region 1, as well as unmodified y 3 , y 4 , y 5 , and y 6 ions in ATD Region 2. No complete mobility separation was achieved for P3 as well, so that ATD Region 1 corresponds to a highly enriched product ion spectrum of dead-end modification on the second Lys residue, and ATD Region 2, on the first Lys residue.
These data show that even if an isomeric mixture appears as a single broad peak in the full ATD, by extracting the ion current from its leading and trailing edges it is possible to verify the presence of two distinct product ion spectra, confirming the existence of two different species that overlap in the mobility separation. The smaller degree of separation observed for dead-end isomers of P2 and P3 may be thought of as smaller CCS differences than those of P1 isomers, resulting in a greater overlap of individual ATDs. If the fragmentation pattern of the studied precursor ion is known, as is the case for all studied peptides, one can also plot extracted ATDs from pairs of modified and unmodified fragments, which produce unique ATDs for each isomer and allow measuring their distinct drift times.
The last peptide studied, P4, contains three reactive sites, namely the N-terminus and the two Lys residues also present in other peptides, so that up to three distinct dead-end isomers could be produced from the cross-linking reaction. Figure 3a contains the full ATD obtained by analysis of the more complex P4 reaction mixture, displaying a single peak that is broader than that observed for P2 and P3, possibly due to the presence of three dead-end isomers.
The product ion spectrum obtained by combining over ATD Region 1 (Figure 3b ) displays an unmodified y 4 ion, in addition to modified y 5 *, y 6 *, y 7 *, and y 8 * ions (Figure 3c ), indicating that this region corresponds to the dead-end modification on the second Lys residue. The spectrum obtained by combining over ATD Region 2 (Figure 3b) shows unmodified y 4 , y 5 , y 6 , y 7 , and y 8 ions (Figure 3d ), which demonstrates that the dead-end modification is either at the N-terminus or first Lys residue. Inspection of the low m/z region of the spectrum of Figure 3d reveals unmodified b 2 and b 3 ions, as well as modified b 1 * and b 2 * ions, indicating that ATD Region 2 represents dead-end modifications that occurred either at the N-terminus or first Lys residue. One can infer from the observed distributions that gas-phase conformations of dead-end modifications for peptide P4 on the N-terminus and first Lys residue have very similar CCS values, which results in them being grouped in ATD Region 2 with no separation, whereas the gas-phase conformation for modification on the second Lys residue yields a CCS that is slightly different than that of the other two, resulting in separation into ATD Region 1.
Effect of Reaction pH on the Reactivity of Lysines
As mobility analysis can reveal the modified Lys residue, cross-linking reactions performed at different pH conditions were analyzed by TWIM-MS to retrieve differences in reactivity of Lys residues due to different chemical environments. The cross-linking reactions were performed for the four peptides at pH 7.0, 6.0, and 8.0, and the triply charged ions from dead-end species were isolated in the quadrupole, followed by TWIM-MS analysis. As a representative example, mobility data from isomeric dead-end modified P2 products generated in this manner are shown in Figure 4 . In this figure, full extracted ATDs from the unmodified y 6 and modified y 6 * fragment ions from P2 in each pH condition are compared.
Comparison of the arrival time distributions ( Figure  4) shows a decrease in the population of ions containing the dead-end modification on the second Lys residue (y 6 * ions of m/z 832.4) as the pH increases, represented by the dashed-line ATDs. From this observation, one can infer that for P2, a higher pH condition favors modification on the first Lys residue (unmodified y 6 ions of m/z 676.3), slightly increasing its proportion with respect to modification on the second Lys residue, which presents a higher reactivity at lower pH. Differences in reactivity of individual Lys residues have also been observed in a study performed by Guo et al. [69] , in which bovine cytochrome c was subjected to chemical cross-linking after partial acetylation of its Lys residues. It was shown that the pKa of Lys residues in the protein varies over two units, which can be correlated to differences in their chemical environment, steric hindrance effects, and solvent accessibility. There is also some evidence regarding the assistance of neighboring residues in the reaction of Ser, Thr, and Tyr residues towards NHS esters, such as the works by Mädler et al. [70] In this study, the His residue was shown to be capable of increasing the reactivity of hydroxyl-containing amino acid residues towards NHS esters to levels comparable to or even greater than Lys, depending on the pH values. All these factors that have been reported as affecting the reactivity of Lys residues are dependant on the extent to which the respective chemical groups are protonated or deprotonated and thus available to interact, which in turn is affected by the pH of the reaction medium. This neighboring effect is observed for P2, for which the higher pH favors the deprotonation of the Glu residue next to the second Lys which, in turn, favors the deprotonation of the neighboring Lys, making it more reactive towards the NHS ester. On the other hand, the first Lys is surrounded by two Arg residues, which will be protonated at the range of pH conditions used, thus being unable to deprotonate the first Lys.
The same analysis was performed for the remaining peptides (data not shown). For P1 it was observed that the proportion of the isomer with dead-end modification on the second Lys residue sharply decreases from pH 6.0 to 8.0, relative to modification on the first Lys residue, whereas for P3, modification on the second Lys residue seems to be favored at pH 6.0 and 8.0, and at pH 7.0, the opposite is observed. Interestingly for P4, ATD Region 2, which corresponds to modification on the N-terminus or first Lys residue, is always greatly favored over modification on the second Lys residue because of the presence of two possible reaction sites in ATD Region 2. In view of the diverse range of observed relative proportions of dead-end modifications on the first and second Lys residues, one can infer that the effect of pH variation on the formation of each isomer is quite complex and dependant on the peptide sequence, which in turn dictates the conformation of the molecule in aqueous solution, protonated or deprotonated states of its amino acid side chains, and types of 
Conclusion
In summary, the present work demonstrated the application of traveling-wave ion mobility mass spectrometry to resolve isomeric ions from dead-end modified peptides formed in typical cross-linking experiments. Although separation at the baseline level could not be obtained, knowledge of the fragmentation pattern of studied precursor ions can be used to generate individual ATDs for each dead-end isomer. This was achieved by extracting the ATDs from pairs of y n /y n ϩ156 Da fragment ions from the product ion spectrum obtained by combining over the full ATD of the unresolved mixture, thus providing an easy method for visualization of individual drift times. This type of approach is straightforward and can be extended to other modifications that are present in single amino acid residues, as each isomer may be identified by its complementary band y-ion sequences on product ion spectra. The extracted ATD chromatograms can be used quantitatively to study intrinsic reactivities of individual residues, as shown for cross-linkers and Lys residues.
